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Abstract: The paper is focused on evaluation of active centres and impact of adsorbed species on (10 % Co + 0.5 % Pd) / Al2O3 catalyst system 
performance aiming selectivity optimization. Application of different sets of precursor pretreatment and reduction resulted in catalysts exhibiting 
high CO conversion or high methane selectivity. A sample of high selectivity was prepared by pretreatment in hydrogen and the performance was 
determined by lower amount of strongly adsorbed CO, strongly adsorbed carbonate species, and higher amount of reduced metal and bimetallic 
particles. A more active system was formed by pretreatment in air leading to larger amount of unreduced metal and CO-bridged species on the 
surface, stable coverage of hydroxyl groups on the support, and medium-strength sites for adsorption of carbonates. Ratios of hydrogen to carbon 
monoxide adsorption (H/СО) and of strongly to weakly adsorbed СО species appeared as important criteria for catalyst efficiency together with 
supported metal state, amount of unreduced ions, bimetallic particle formation, and alumina’s ability to adsorb CO and CO2. 
 






 HYDROGENATION is considered in present times 
an important process applied for diversification of 
fuel sources through Fischer-Tropsch synthesis, production 
of chemicals as oxygenates and/or various hydrocarbons, 
and biomass conversion including coal liquefaction. Catalysts 
meeting the green chemistry postulates should be possibly 
more selective, featuring a decreased variety of inter-
mediates to avoid unnecessary by-product synthesis, and 
thus achieving higher conversion of the reagents into target 
products.[1] The main reactions in the CO hydrogenation 
process are synthesis of CH4 and higher/other hydrocarbons 
and water-gas shift reaction (WGSR). Cobalt and cobalt-based 
catalysts are active in the formation of long chain hydro-
carbons, and exhibit higher resistance to deactivation and low 
WGS activity compared to iron.[2,3] Palladium has very good 
adsorption capacity for CO and H2, and manifests excellent 
hydrogenation properties and low activity in WGSR. In this 
connection, Co-Pd catalysts have demonstrated good activity 
in CO hydrogenation and attracted great attention.[2,4–8] Co 
and Pd differ in CO adsorption – associative on Pd [9] but 
associative as well dissociative on Co [9–11] dependent on tem-
perature, surface coverage, and presence of other adsorbent.  
 The diversity of adsorption properties leads to 
different products of CO hydrogenation: methane and 
methanol can be obtained with palladium catalysts [12–14] 
while hydrocarbons of various composition are produced in 
presence of cobalt catalysts.[4]  
 A mutual interaction between these metals in 
bimetallic catalyst systems causes also  enhanced reduction 
of cobalt, decreased palladium particle agglomeration, and 
alloy formation. [7,15–17] All these promote changes in 
specific surface area like increased stability with tem-
perature and occurrence of new adsorption sites with 
modified properties. At a mixed metal surface Co and Pd 
expose many typical and modified adsorption sites with 
different properties and varying concentration.[15] Adsorption 
of hydrogen and CO and adsorption sites are inter-
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stage in a heterogeneous catalytic reaction mechanism. 
Changes in adsorption properties of catalytically active 
components may lead to variation of catalyst activity, 
selectivity, and performance as well as enriched com-
position of the reaction products and variable quota of 
different hydrocarbons. The role of support is also very 
important by contributing to increase metal dispersion and 
thermal stability, and exposing various adsorption sites to 
reagents, intermediates, and reaction products.[18–23] Many 
studies have been concerned with evaluation of the various 
factors determining activity and selectivity of cobalt-based 
catalysts in CO hydrogenation. These involve amount of 
deposited metal, type of support, promoters, catalyst 
preparation and activation mode, persistence of water and 
other components in the reaction mixture, diversity of 
adsorption sites on the supported metal and CO ability to 
form different species, and reaction conditions as pressure, 
H2/CO ratio in syngas, reactor type, flow rate, and tem-
perature. Such a great number of factors that may affect 
catalyst performance render difficulties to create uniform 
theory about the CO hydrogenation reaction mechanism.[4,23–33] 
 Some previous studies[34] invoked our interest on the 
effect of catalyst preparation on the ratio and interrelation 
among the various adsorbed species which could be related 
to catalyst activity and selectivity. This study is aimed at 
evaluating the role of catalyst precursor pretreatment and 
reduction mode in forming various metallic and metal oxide 
phases on the catalyst surface of the (10%Co+0.5%Pd)/ 
Al2O3 system and identifying the adsorbed species formed 
on the metal surface during CO hydrogenation. In the paper, 
some elements of simplification concerning operating 
pressure, H2/CO syngas ratio, and reaction temperature 
were accepted. It is known that methane is the only 
hydrocarbon synthesized at atmospheric pressure.[23] The 
H2/CO ratio value is important to exploit fully the hydro-
genating properties of Co as catalyst and it has been 
established that the minimal required value is 2.1.[4] A 
favourable H2/CO ratio for methanation is 3.3. The reaction 
temperature should be selected bearing in mind that the 
hydrogenation and carbon chain increase reactions are 
exothermal.[4,33] Our previously reported experiments at 1 
atm have shown that raising the reaction temperature 
increases the production of СН4 but also of undesired СО2.[34] 
Lower reaction temperatures hinder coke deposition on the 
surface and water-gas shift reaction as a source of CO2. 
 
EXPERIMENTAL 
Bimetallic catalysts were prepared by deposition of metal 
nitrate salts on Degussa-P110C1 non-porous Al2O3 (90 m2/g) 
through evaporation at 60 °C under vacuum of alumina 
suspension in salts solution. The procedure involved preset 
loading of 10 and 0.5 % of cobalt and palladium, respectively.  
 Preliminary treatment of the precursors comprised 
consecutive heating for 1 h in a proper gas flow at 100, 200, 
and 300 °C at a ramp rate of 100 deg/h. Air, hydrogen, or 
argon were used for oxidative, reductive, or inert pre-
treatment. The (10%Co+0.5%Pd)/Al2O3 catalyst samples 
thus obtained were named (ox), (red), or (inert), respec-
tively. A number of methods were used to characterize 
each sample. 
 Chemisorption of hydrogen and carbon monoxide 
was measured by the volumetric method in a glass device. 
The experiments were performed with samples reduced in 
the same device with hydrogen flow at different temper-
atures. Adsorption isotherms were obtained in the pressure 
range of 0−13.3 kPa. Hydrogen adsorption was conducted at 
100 °C to minimize absorption in the bulk of palladium[35] 
and to activate adsorption on cobalt[36,37] whereas carbon 
monoxide chemisorption was done at room temperature. 
Strongly bonded CO (COs) was estimated as a difference 
between total and reversible (weak) adsorption.[38]  
 Ex-situ transmission electron microscopy (TEM) was 
used to obtain information about general structural 
characteristics of the catalysts. TEM pictures were collected 
by means of Topcon transmission electron microscope with 
200 kV accelerating voltage, resolution of 1 nm and object 
magnification of 100 to 2×106. Energy dispersive X-ray 
analysis (EDX) was applied for determination of the 
chemical composition in selected parts (14 nm in diameter) 
of the samples. 
 Catalytic activity measurements in the CO hydrogen-
ation process were carried out in a flow type glass reactor 
at atmospheric pressure in the temperature range of 
150−360 °C. Catalyst loading was 140 mg (0.63−0.8 mm 
fraction). A H2/CO reaction mixture (4/1) was used at a 
flow rate of 25 ml/min. The mixture at reactor outlet was 
analysed by a Varian 3700 gas chromatograph with thermal 
conductivity detector (T = 60 °C, Tfilament = 80 °C), 2 m 
Porapak Q column (0.150–0.180 mm, Riedel-de Haen AG D-
3016 Seelze 1), and hydrogen carrier gas at 20 ml/min. 
Experimental setup for catalytic activity measurements is 
shown in Scheme 1. 
 The simple normalization method was used for 
quantitative analysis of reaction products and unreacted 
CO. The carbon-containing compounds in the outlet gas 
stream were determined by the formula Xi=(Si /ΣSi)×100  
(in %), where Xi is percentage of component ‘i’, Si - peak 
area of component ‘i’, and ΣSi – total sum area. 
 In situ diffuse-reflectance infrared spectroscopy 
(DRIFTS) was applied to characterize the surface of fresh 
and catalytically tested (used) samples by adsorption of CO 
and to follow changes of the surface species and 
intermediates during a real catalytic process in a H2/CO 
reaction mixture. Spectra were recorded on a Nicolet 6700 
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equipped with Collector II accessory with High Temperature/ 
Vacuum/Gas flow chamber (Thermo Spectra-Tech, USA). 
CaF2 windows were used that limited the observed spectral 
range to 1111–4000 cm–1. All spectra were collected at 100 
scans and 1.928 cm–1 data spacing. Thermal treatment in Ar 
flow was the first step applied to clean the surface of used 
sample (40 ml/min, 1 h at 300 °С). The next step was 
reduction in H2 flow (45 ml/min, 1 h at 300 °С). Finally, CO 
hydrogenation was studied in a H2/CO (4/1) reaction 
mixture (8 ml/min) from room temperature to 250 °С.  
A temperature ramp of 10 deg/min was employed to attain 
selected reaction temperature level. An autotune temper-
ature controller was used to regulate the temperature in 
the chamber. Spectra were recorded after 20 min regarding 
this period as sufficient to achieve a steady state of the 
reaction and constant gas phase composition in the 
measuring cell. 
 Temperature-programmed reduction (TPR) was 
carried out in a quartz reactor with 150 mg charge of 
sample. The reducing agent was 10 % H2 in Ar at a flow rate 
of 25 ml/min. Recorded ТPR profiles were used for 
graphical calculation of the peak area at temperatures 
higher than that used for catalyst reduction. This area is 
proportional to the amount of unreduced metal (URMA for 
more active and URMS for more selective sample) and can 
help in determining metal state in the studied samples. 
Determined areas were compared and the RURM ratio 
URMA/URMS was regarded as an additional feature to 
evaluate the role of unreduced metal. 
 X-ray photoelectron spectroscopy (XPS) analysis was 
carried out by means of ESCALAB MkII (VG Scientific) 
electron spectrometer at a base pressure in the analysis 
chamber of 5×10–10 mbar (during the measurement 1×10–8 
mbar) using Al Kα X-ray source with excitation energy hν = 
1486.6 eV. The pass energy of the hemispherical analyser 
was 20 eV, 6 mm slit widths. The instrumental resolution 
measured as the full width at a half maximum of the Ag3d5/2 
photoelectron peak was 1 eV. Depending on the support, 
the energy scale was corrected for electrostatic charging 
using the Al2p peak maximum at 74.4 eV. Data processing 
included subtraction of the X-ray satellites and Shirley-type 
background.[39] The peak positions and areas were eval-
uated by a symmetrical Gaussian-Lorentzian curve fitting. 
The relative concentrations of the different chemical 
species were determined based on normalization of the 
peak areas to their photoionization cross-sections as calc-
ulated by Scofield.[40] 
 Experiments of CO temperature-programmed desor-
ption (CO-TPD) were conducted by Setaram DSC 111 
apparatus. The CO adsorption was carried out from a gas 
flow mixture of 10 % СО in Не (20 ml/min) at room temper-
ature for 60 min. TPD was implemented in He flow (20 
ml/min) at a heating rate of 10 deg/min up to 700 °C. Prior 
to the adsorption-desorption experiment the sample 
precursor was decomposed in accordance with the selec-
ted pretreatment procedure and then reduced sequentially 
at 300, 400, and 450 °C in the measuring cell. 
 
RESULTS AND DISCUSSION 
Comparative analysis of catalytic behaviour showed that 
depending on the medium during precursor treatment and 
reduction temperature the catalysts ranged in different 
rows of activity in the CO conversion and of selectivity to 
hydrocarbon (CH4) formation. In case selectivity is eval-
uated by a CH4/CO2 ratio, a dependence on pretreatment 
mode was observed in the order reductive (red) >> inert 
(inert) ≥ oxidative (ox). Independent of pretreatment 
mode, all samples demonstrated a decrease of the CH4/CO2 
ratio upon increasing the reaction temperature. It is worth 
mentioning that a pronounced influence of reduction 
temperature was registered only with a catalyst sample 
prepared by oxidative pretreatment where the selectivity 
increased on increasing reduction temperature. Information 
about parameters and properties of the most active sample 
in CO conversion and that with high selectivity to CH4 at a 
reference reaction temperature of 300 °C as derived by 
different methods is shown in Table 1 and Figure 1. A catalyst 
sample of higher activity was formed using an oxidative 
pretreatment procedure (airflow) and reduction in hydrogen 
 
Scheme 1. Experimental setup for catalytic measurements. 
Designations: SV – saturating volume, M - mixer, TC - 
thermocouple, S – studied sample, CB – catalyst bed, F - 
furnace, R – glass reactor, GC – gas chromatograph, RD – 
registering device, GFC – gas flow control unit, GFP – gas 
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flow at 300 °C. It is denoted as (10 %Co+0.5%Pd)/ Al2O3(ox). 
A catalyst sample of higher selectivity prepared by pretreat-
ment in reductive atmosphere (hydrogen) is symbolised as 
(10%Co+0.5%Pd) /Al2O3(red). It was reduced successively 
in hydrogen flow at 300 and 400 °C (Table 1). 
 It is known that Al2O3 is not very inert. It adsorbs CO 
and CO2.[22,41] In addition, chemical interactions could 
proceed with supported phase(s). Availability of free OH 
groups on the surface of oxide materials is of significance 
since they are considered catalytically active centres for 
reactions including CO and CO2.[42] It has been experimen-
tally proved that surface hydroxyls participate in the 
formation of adsorbed carbonate-(like) species. ‘Water-gas 
shift’ route has been studied on alumina.[43] It was shown 
that carbonate and formate structures could be formed via 
reaction between CO and surface OH groups to give CO2, 
which then reacts with O2− or OH−. Bidentate and bicarb-
onate structures on alumina could be formed through 
interaction between CO and surface oxygen or a line defect 
with subsequent contact with OH groups from the 
surface.[41] Bidentate carbonate and formate species are 
stable at T ≤ 250 °С.[43] Temperature-programmed desorption 
(TPD) of СО2 from alumina has shown that sites of moderate 
and strong adsorption, being the largest share, dominate 
on the surface and desorption occurs at Т ≥ 350 °С.[44] There 
are numbers of studies in related literature demonstrating 
that the surface composition of the Со/Al2O3 system is 
complex and only in rare cases contains one cobalt 
compound.[45–54]  
 A catalyst sample of higher activity was formed by 
pretreatment in air where the presence of О2 and Н2О is 
presumed. The reduction was carried out at 300 °C. A 
catalyst sample of higher selectivity was formed by 
pretreatment in reductive atmosphere (hydrogen flow) and 
reduced successively in H2 at 300 and 400 °C for 1 h at each 
level (Table 1). The latter procedure supposes removal of a 
great amount of surface OН species. Thus, after reduction 
an active sample is assumed to preserve the OH coverage 
to a higher extent compared to the surface state of 
selective sample. As was mentioned above, during CO 
adsorption the hydroxyl coverage on the support favours 
formation of carbonate species. 
 Temperature-programmed reduction (TPR) profiles 
presented in Figure 2 outline the area related to unreduced 
Table 1. Data derived by TPR, chemisorption and catalytic measurements for (10%Co+0.5%Pd)/Al2O3 catalysts. 
Catalyst type Pretreatment Tred, °C Co state RURM CO conv., % CH4/CO2 DH100C, % H100C/COs COs/COw 
Active (ox) 300 Co0, Con+ 
3.3 
33 6.3 3.4 3.4 
1.8 
(17.74/9.79) 
Selective (red) (300) 
400 
Co0, Con+ 8 160 1 2.8 0.5 
(6.03/13.07) 
RURM - unreduced metal ratio, H100C - sample capacity for monolayer hydrogen adsorption measured at 100 °C; COw - sample capacity for reversible (weak) CO 
adsorption measured at room temperature; COs - calculated sample capacity for irreversible (strong) CO adsorption; DH100C - metal dispersion based on H100C. 
 
 
Figure 1. Catalytic behaviour of differently pretreated 
(10%Co+0.5%Pd)/Al2O3 samples. 
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metal in the studied materials. It can be stated that both 
samples worked in presence of reduced and ionic cobalt 
bearing in mind selected reduction temperature. As shown 
in Table 1 a 3.3-fold larger amount of oxidized cobalt in the 
active sample was found (RURM). A bigger quota of oxidized 
cobalt in the active sample is consistent with WGSR run at 
a higher extent leading to a higher CO2 content in the outlet 
gas flow.[55]  
 Despite differences in pretreatment, results obtained 
through chemisorption measurements showed an increase 
of strongly and weakly adsorbed CO species with rising 
reduction temperature for all synthesized samples. Since 
reversibly bonded CO desorbs readily at ambient con-
ditions, strongly adsorbed COs species is important for the 
chemistry of heterogeneous CO hydrogenation. According 
to pretreatment mode the amount of the latter on the 
samples varied in the order (inert) > (ox) >> (red). Change 
of the reduction temperature from 300 to 450 °C resulted 
in a decrease in the H100C/COs ratio. This effect was strong-
est for a (red)-type catalyst sample and less for (inert)-type 
entity. Analysis of chemisorption data showed higher metal 
dispersion and higher H100C/COs and COs/COw ratios for the 
active sample. The selective sample had lower metal 
dispersion, a 2.9-fold lower amount of strongly adsorbed 
CO on the surface (COs(act)/COs(sel) = 17.74/6.03) than the 
active sample, and a slightly higher amount (~1.3 times)  
of reversibly adsorbed CO species (COw(act)/COw(sel) = 
9.79/13.07). The H100C/COs ratio for the active sample, 
being higher than unity, was assigned to CO adsorption on 
metal particles presumably in bridge form indicating a 
greater portion of this species. Bridge-bonded CO species 
have a weaker С–О bond that allows activation of 
(10%Co+0.5%Pd) /Al2O3(ox) sample at a lower reaction 
temperature as has been frequently reported.[27–30,56] 
Obviously a large amount of irreversibly adsorbed CO on 
the surface of this sample (COs/COw = 1.8) favours not  
only the main reaction of CO hydrogenation but also  
that of СО2 synthesis. Pretreatment in hydrogen for 
(10%Co+0.5%Pd) /Al2O3(red) catalyst sample followed by 
reduction at a higher temperature (400 °С) resulted in a low 
level of unreduced metal, enhanced formation of bimetallic 
particles, a less number of available pure Pd particles, and 
decreased metal dispersion related to a decreased number 
of multicentre adsorption sites (diminished COs/COw ratio). 
Therefore, the prereduced sample acquired better 
selectivity to hydrocarbon formation due to increased 
possibility for alloy particle formation. Because of structure 
effect, high-coordinated adsorption sites are statistically 
much more vulnerable. The combination of metal atoms on 
the surface in the bimetallic particles provokes changes of 
the properties of the single constituents on the surface. 
Thus, the number of sites responsible for multicentre CO 
adsorption is decreased which indicates a significant 
structure effect in the bimetallic CoPd system.[57,58] 
 Figure 3 displays a TEM image of the selective 
sample after consecutive reduction at 300, 400, and 450°C 
to illustrate results from microscopic investigation. The 
TEM data revealed heterogeneous distribution in size of  
the supported metal particles. Metal agglomerates were 
observed in the samples. The outer contour and relative 
size allow supposing that the agglomerates consist of small 
crystallites with irregular form. EDX of sample selected 
parts, as demonstrated by marked diameter of the 
analysed regions, showed presence of regions containing 
only cobalt and areas enriched in palladium. However, by 
using TEM-EDX it was not possible to affirm formation of 
Co-Pd alloy. 
 CO desorption from (10%Co + 1%Pd)/ Al2O3 was 
studied by the method of TPD. Measurements were 
conducted by samples with higher concentration of Pd to 
enhance the amount of adsorbed/desorbed CO and ensure 
better discrimination of desorption from cobalt, palladium, 
and Al2O3. The adsorption of CO on the studied samples 
was accompanied by exothermic effect. The change in 
adsorption heat over time gradually decreased and did not 
stop completely within 60 min. An impact of the 
pretreatment mode on the magnitude of the thermal effect 
was observed. It was minimal with a sample preliminary 
treated in reductive atmosphere. Samples pretreated in 
inert and oxidative medium gave rise to commensurable 
thermal effects that were four times higher than that 
registered with prereduced sample. This finding supposed 
 
Figure 3. TEM image of (10%Co+0.5%Pd)/Al2O3(red) 
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presence of smaller particles in (ox)-type sample. Particle 
surface in this case is energetically unsaturated, which 
makes it more active during CO adsorption. 
 Desorption process was accompanied by very weak 
endothermal effects. CO-TPD from the catalyst samples 
took place in the interval of 20–200 °C with maxima about 
100 °C and shoulders around 163 °C (Figure 4). Within  
200–700 °C, no clearly pronounced maxima (plateaux) 
were observed in a wide temperature interval. Desorbed 
amount of CO was very low and close to detection limit of 
the thermal conductivity detector (TCD) sensitivity. Thus, a 
clear distinction of different CO species was not possible. 
However, we claim that the linearly and bridge-bonded CO 
species were desorbed in the low temperature interval 
whereas carbonate/carboxylate structures were desorbed 
in the high temperature range in agreement with reference 
data.[43,44]  
 X-ray photoelectron spectroscopy study was 
conducted ex situ with all samples after completed catalytic 
test. The latter consisted of consecutive reduction at 300, 
400, and 450 °C followed by catalytic activity measure-
ments at each level of reduction. Co2+ and Co3+ ions were 
registered on the surface. Their presence was essential due 
to the ‘ex-situ’ measurements, which allowed adsorption of 
oxygen and oxidation of the particle surface without 
penetration into the bulk.[59,60]  
 The following orders of dependences were found: (i) 
decreased amount of surface Pd (red) > (inert) ≥ (ox); (ii) 
decreased total amount of Con+ (red) > (ox) > (inert); and 
(iii) change of the Co2+/Co3+ ratio to 6:2.6:4.6 for 
(red):(ox):(inert), respectively. Data presented in Table 2 
reveal that the surface of the selective sample is enriched 
in cobalt and palladium. Conclusions based on XPS data 
concerning cobalt are indirect, however, the results 
presume a higher extent of cobalt reduction in (red)-type 
sample. The XPS study found carbonate species residing on 
the surface of the samples, the amount being dependent 
on pretreatment mode in the order (red) > (ox) > (inert). 
This result is consistent with existence of stronger adsor-
ption sites for the carbonate-like species on the selective 
sample.[61] 
 Figure 5 shows in situ DRIFTS spectra recorded 
during CO hydrogenation in flow conditions. The doublet 
centred at 2142 cm–1 consists of characteristic bands of 
gaseous CO which overlap those of CO species adsorbed on 
metal ions within the region 2100–2200 cm–1. The bands of 
CO adsorbed on metal atoms (Co, Pd) appeared in the 
range of 2100−1700 cm–1. They were ascribed as follows: 
about 1767 cm–1 – bridge-bonded CO on Co0 /C=O vibrat-
ions from various complex oxygenate species, 1965 cm–1 – 
bridge-bonded CO on Pd0 and/or Co0; 1990 cm–1 - bridge-
bonded CO on Pd0 and/or linear CO species on Co0; several 
superimposed bands in the 2000−2015 cm–1 region – 
linearly bonded CO on Co0; 2032/40 cm–1 – linear CO on  
Co0 and/or Coδ+); 2063 cm–1 - hydrocarbonyl species  
(H–Co–CO).[6,25,30,56,62–70] Registration of many bands of 
adsorbed CO shows a great diversity of adsorption sites 
which is due to differences in coordination and electronic 
state of the surface atoms in the metal particles. 
 Figure 6 shows spectra of selective and active 
catalyst samples in a reaction mixture recorded at room 
temperature before and after spectral measurements in 
 
Figure 4. Carbon monoxide TPD profiles of 
(10%Co+1%Pd)/Al2O3 samples pretreated in different gas 
medium and reduced sequentially at 300, 400, and 450 °C. 




C1s O1s Al2p Pd3d (Pd0) Co2p1/2 
eV at. % CO3 % eV at. % eV at. % eV at. % 
Co2+ Co3+ 
eV at. % eV at. % 
(red) 286.0 3.54 ~50 531.3 55.60 74.4 37.31 336.0 0.12 797.2 
3.05 
(86 %)* 795.5 
0.5 
(14 %)* 
(ox) 284.5 3.15 ~40 531.3 54.96 74.4 38.92 336.1 0.06 797.1 
1.06 
(72 %)* 795.5 
0.6 
(28 %)* 
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the temperature range of 56−250 °С. With both systems, 
the more intense CO gas bands were very slightly 
decreased after the catalytic test. As the results show, 
taking into account that the CO species on Co1+ and Co2+ 
give rise to bands in this region, a very small part of these 
metal ions occurs unreduced after preceding catalytic 
activity test. Bands at about 2000 cm–1 with the selective 
sample show almost equal intensity before and after IR 
experiments, which is explained by achieving a stable 
catalyst properties/behaviour. With the active catalyst a 
shift of the broad band at about 1990 cm–1 to ~2040 cm–1 
with increased intensity was observed. This result is 
assigned to a catalyst surface enriched in sites for linearly 
bonded CO species especially that as СО–Coδ+. In addition, 
this finding shows that despite preliminary catalytic activity 
test with the active sample there occurred still some 
amount of relatively stable unreduced cobalt phase in close 
proximity to support and/or small metal particles with a 
surface that can be readily oxidized while exposed to water 
and further reduced during the catalytic process. In the 
literature, Coδ+ state is assigned to impact of the oxygen 
from the support on interface cobalt atoms leading to a 
partial positive charge on the latter[71] and correlate with a 
higher share of surface metal atoms of small particles that 
are in contact with alumina. Bearing in mind discussed 
above, TPR and dispersion data, the in situ IR study shows 
that large metal particles have essential contribution to 
selectivity. 
 During static DRIFTS experiments, reaction mixture 
flow was admitted to the catalyst at room temperature and 
after 15 minutes, the cell was isolated. For a period of 25 
minutes, the spectra showed changes in the bands of CO 
adsorbed on cobalt and palladium atoms, namely, at about 
1995 and 2001 cm−1 with ‘selective’ and ‘active’ sample,  
respectively. In the spectra of selective sample, the band 
decreased in intensity with time, but the band of the active 
sample disappeared. The result is in line with a higher 
activity of the (10%Co+0.5%Pd) /Al2O3(ox) catalyst due to 
higher metal dispersion which in turn allows a rapid 
formation of intermediates with facilitated transfer of the 
latter to the support.  
        
Figure 5. In situ DRIFT spectra during CO hydrogenation on (10%Co+0.5%Pd)/Al2O3 active (A) and selective (B) samples. 
Symbols: mc – monodentate carbonate; bc – bidentate carbonate; f – formate species. 
 
Figure 6. DRIFT spectra of (10%Co+0.5%Pd)/Al2O3(ox) and 
(10%Co+0.5%Pd)/Al2O3(red) samples in a CO/H2 (1/4) reac-
tion mixture at room temperature: before (a) and after (b) 
in situ spectral study up to 250 °C. 
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 During in situ IR study of CO hydrogenation from 
room temperature to 125 °C, changes in the bands in the 
region 1840–2020 cm–1 were different for the active and 
selective samples (these spectra are not shown in Figure 5). 
A higher stability of the adsorbed CO species was observed 
with the selective sample since the band did not shift but 
decreased in intensity with temperature and disappeared 
at 86 °C. With the active catalyst, no bands for linear species 
were observed already at 56 °C. These changes were 
accompanied by slightly increased intensity of the bands in 
the range characteristic of bridge-bonded species. Such a 
transformation was observed and explained by the 
hypothesis that co-adsorbed hydrogen provokes a shift of 
linear CO species to a neighbour atom by forming a bridge 
bond.[72–74] Another explanation could be transformation of 
part of the CO species in COHX intermediates. Thus, the 
changes in this wavenumber region and temperature 
interval confirmed an increased activity of the (ox)-type 
sample due to domination of bridge-bonded CO species in 
which the C–O bond was easier to split thus favouring 
hydrogenation at a lower temperature.[27]  
 A rising band at about 2040 cm–1 that increased in 
intensity with temperature in the interval of 175–250 °С 
(Figure 5) is most probably due to appearance of cobalt 
ions (Coδ+) in close vicinity of Al2O3.[55,69] These entities 
originate from partial oxidation of the surface Co atoms 
by water molecules and/or reduction of residual Co oxide 
phases and Co ions on the support with formation of new 
adsorption centres. The process was much more pron-
ounced on the active catalyst having in mind the results 
displayed in Figures 5 and 6. Contribution of cobalt 
hydrocarbonyl species to band broadening and intensity 
increase could not be excluded. The spectra show a 
significant stability of the CO adsorption on these sites. 
CO firmly detained on the surface as irreversibly adsorbed 
species is considered a condition that favours hydrog-
enation to methane.[55,68] 
 Bands characteristic of hydrocarbon species were 
also distinguished in the spectra by vibrations of methyl 
(CH3) groups at 1324/80/95, 1420/52, 2957 cm–1; 
methylene (CH2) groups at 1472, 2850/51, 2923/26 cm–1; 
and methine (CH) groups at 1356 cm–1.[28,64] An increase of 
intensity was observed at a reaction temperature over 175 °С 
and this mostly concerned the stretching vibrations of  
СН2 groups at 2923/26 cm–1. Synthesis of target methane 
reaction product (1305 and 3016 cm–1)[75] became perc-
eptible in the spectra of (10%Co+0.5%Pd)/ Al2O3(ох) at 
150 °С and (10%Co +0.5%Pd)/ Al2O3(red) at 225 °С. The 
respective bands increased in intensity with increasing 
temperature. It is worth to note that well resolved bands of 
high enough intensity characteristic of hydrocarbon species 
were recorded at room temperature with active catalyst 
sample. The samples were prepared for in situ DRIFTS 
studies following the same procedure and conditions: Ar 
flow at 300 °C for 30 min followed by reduction in H2 flow 
at 300 °C for 1 h. From one hand, this peculiarity gives 
evidence for enhanced activity of (ox)-type sample but on 
the other hand – for strong adsorption of СНх species.[76,77] 
 As was mentioned above the band at about 2040 
cm–1 increased in intensity with temperature (Figure 5). It 
is assigned to linearly adsorbed CO on Coδ+. It is known from 
the literature that this adsorbed species is associatively 
activated, manifests low ability for dissociation, and is 
assigned to a reinforced contact between cobalt and 
support.[69,78] It is also known that associatively bonded CO 
is hardly hydrogenated.[6,79]  
 As aforementioned, upon CO adsorption the 
hydroxyl coverage on the support favours formation of 
formate and carbonate species. These species are also 
formed through CO spillover from the metal particles away 
to the support. A close contact between metal and the 
support could facilitate the interaction of CO adsorbed on 
Coδ+ with oxygen from the support resulting in formation of 
carbonate-(like) species and CO2. Surface enrichment in 
Coδ+ could also contribute to formation of CO2. In the spectra 
of active sample the following bands due to carbonate-like 
species were registered: bidentate (1243/56/64, 1566/80, 
1622/40 cm–1); monodentate (1324, 1472, 1525 cm–1); and 
formate (1370/95, 1566/80, 1622 cm–1) (Figure 5A).[22,64] 
None of these bands changed on increasing the reaction 
temperature to 225 °С, however, at 250 °С their intensity 
was slightly increased. The same surface species were 
recorded on the surface of selective catalyst sample by the 
following sets of bands: monodentate (1320/56/75, 1472, 
1522 cm–1), bidentate (1255, 1566/73/80, 1616, 1640 cm–1), 
and formate (1356/75/90, 1566/73/80, 1616 cm–1) (Figure 
5B).[22,64] Unlike the spectral changes with active sample, 
the bands characteristic of formates and monodentate 
carbonates increased in intensity with increasing tem-
perature. Enhanced absorption in this region was found at 
250 °С but the bands due to bidentate carbonate species 
slightly decreased in intensity. Formate species was 
relatively stable in the selected range of reaction temper-
ature in agreement with increased/preserved intensity of 
the characteristic bands. Analysis of TPD results and IR data 
indicates that carbonate-(like) species on a (red)-type 
sample is suggested to desorb as bidentate carbonate 
within the interval 200–300 °С. This surface species is 
classified as weakly held carbonate[41] whereas desorption 
of formate and monodentate carbonate species takes place 
at higher temperatures resulting in a plateau in the TPD 
profile. The results of TPD, XPS, and in situ DRIFTS suppose 
existence of sites for strong adsorption of these intermediates 
on the sample surface. Thus, СО2 formation was suppressed, 
which identified the (10%Co +0.5 %Pd)/Al2O3 (red) sample 
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 Comparative analysis based on the spectral features 
of both samples during CO hydrogenation showed that the 
bidentate carbonate species was more abundant on active 
sample since a higher intensity of the respective band was 
observed at all studied temperatures. The bands of gas 
phase СО2 over the active catalyst sample (2306 cm–1 [64]) 
were also more intense. It can be concluded that CO2 was 
produced by decomposition of bidentate carbonate species 
bearing in mind that on the active sample the intensity of 
the bands in the carbonate region remained constant, i.e. 
surface species concentration was preserved and band 
intensity of the bidentate carbonate species was decreased. 
Moreover, adsorption sites of moderate strength can be 
assigned responsible for this transformation. 
 Grenoble et al.[80] have shown that Al2O3, Pd/Al2O3, 
and Co/Al2O3 are active in WGSR. Having in mind that an 
active sample in this study contains relatively more 
monometallic Co and Pd particles, their ability to activate 
WGSR should not be excluded as additional contribution to 
CO2 production. Therefore, it can be concluded that an 
active sample is characterized by a greater number of 
monometallic Co and Pd particles, a greater quota of 
bridged-bonded CO species on the metal particles, abun-
dance of strongly bonded СО species, many cobalt ions, a 
stable OH group coverage preserved to a high extent after 
reduction at 300 °С, existence of medium-strength sites on 
the support for carbonate(s) adsorption, and available sites 
of moderate strength for monodentate carbonate and 
formate species adsorption on the support. СО2 production 
on active catalyst samples was facilitated by all these 
factors. 
 The catalyst of better selectivity to methane 
formation, and other hydrocarbons accordingly, was 
obtained by stepwise pretreatment in H2 followed by 
reduction at higher temperatures. This pretreatment mode 
resulted in a low level of unreduced metal (cobalt), a 
greater number of bimetallic particles, a low (if any) 
amount of monometallic Pd particles, decreased metal 
dispersion, partial removal of surface OН species, a greater 
share of sites for carbonate species formation on the 
surface, and existence of sites for stronger adsorption of 
the latter species. It is known that СО2 desorbs from 
Pd/Al2O3 at about 130 and 500 °С.[81] Consequently, a 
decreased rate of carbonate destruction with evolution of 
СО2 should contribute to diminishing the WGSR rate and 




Comparative data analysis of a number of methods showed 
successful synthesis of (10%Co +0.5%Pd)/ Al2O3 catalyst 
system by deposition of metal salts from nitrate solution on 
alumina support. Based on preparation and application of 
different sets of precursor pretreatment and reduction 
highly active samples were prepared for CO conversion to 
CH4 and CO2 or more selective entities giving higher yields 
of methane and higher/other hydrocarbons. 
 The activation procedure of selective type catalyst 
supposed higher probability about bimetallic particle 
formation and larger particle size, which favoured methane 
formation. Another special feature of this type of samples 
was lower share of irreversibly adsorbed CO and firmly 
adsorbed carbonate and formate species. However, a 
higher selectivity was realized at low conversion. The ratios 
of adsorbed hydrogen to strongly adsorbed CO and of 
strongly to weakly adsorbed СО species seemed to be 
important criteria for determining catalyst quality along 
with supported metal state, amount of unreduced ions, 
bimetallic particle formation, and ability of alumina for CO 
and CO2 adsorption. 
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